The dramatic improvement in smooth pursuit performance seen while analyzing the pursuit target has been ascribed to attention enhancement. With a periodic constant velocity target trajectory we ran a concurrent listening condition instead, to see if this mild distraction would degrade performance.
tasks are often called attention enhancement tasks. This explanation is supported by a consistent body of evidence that the reverse situation holds: a concurrent demanding cognitive or attentional task, unrelated to the pursuit task, distracts subjects and degrades smooth pursuit performance by introducing large saccades and fixations (Acker & Toone, 1978; Brezinova & Kendell, 1977; Lipton, Frost, & Holzman, 1980a; Pass, Salzman, Klorman, Kaskey, & Klein, 1978) .
It seems equally likely, however, that smooth pursuit is best performed automatically, in the service of target analysis, so that diverting attention away from the oculomotor act itself by redirecting it toward target analysis could enhance performance. To test this notion, the present study employs a concurrent listening task as a mild distractor. The attention enhancement explanation of the target analysis facilitation would predict a tendency toward worse performance with the listening task than with simple pursuit, while the attention diversion explanation would predict a tendency toward better performance. We also employ a target analysis condition, and a more difficult distraction condition to replicate the worse performance obtained by more severe distraction from the tracking task as a whole.
Poor pursuit performance tends to be reported by such global measures as smooth pursuit gain (pursuit velocity/target velocity) and root-mean-square (r.m.s.) error. Also typically seen are large saccades, unrelated to the small corrective catch-up saccades made by most subjects. Task differences in performance within subjects here allow us to differentially characterize the saccades 668 PETER VAN GELDER et a/. made in good and poor pursuit, and to look at the interaction between saccades and smooth pursuit gain.
Poor performance with our trajectories was associated with anticipatory and, less often, overshooting saccades. In moving the point of gaze ahead of the target, subsequent pursuit showed a strong tendency to be reduced in an orderly way, providing an opportunity to observe predictive characteristics of pursuit apart from its function of instantaneous target foveation. We show this pursuit-after-saccade function for anticipatory saccades.
Although the incidence of anticipatory saccades in pursuit can be vastly reduced by more favorable target trajectories and by suitable instructions to subjects, their presence in our data allows us to suggest an alternative way to characterize the purposive smooth pursuit that occurs in the laboratory.
METHOD

Subje.cts
Twelve normal subjects were run in Expt 1, and two groups of 10 normal subjects each were run in Expt 2. The ages in Expt 1 ranged from 23 to 43 yr, with a mean of 29.8 yr. The ages in Expt 2 ranged from 23 to 36 yr, with a mean of 30.0 yr, in the first group and from 21 to 32 yr, with a mean of 25.4 yr, in the second group. None reported oculomotor, neurological, or psychiatric conditions likely to influence eye movement. All reported normal or corrected visual acuity at the normal reading distances required of their occupations (e.g. medical students, secretaries).
Apparatus
EOG recording was employed: a horizontal channel obtained with electrodes at the outer canthus of each eye, vertical channel obtained by electrodes above and below the dominant eye, and a mid-forehead ground. The differentially amplified signals were digitized in real time (250Hz) by the same computer presenting the stimuli on the subject's monitor (Van Gelder, Todd, & Tsui, 1979) , so that subsequent analysis could match experimental events with response waveforms . The EOG waveforms of horizontal and vertical channels were displayed on an experimenter's monitor. Head restraint was achieved with a chin and forehead rest with additional head stops.
Conditions
Four pursuit conditions were run, in 40 sec trials that used either a constant or (where indicated below) sinusoidal velocity trajectory, and in either the horizontal or (where indicated below) vertical plane. Of primary interest are tracking, target analysis and listening conditions only. The conditions were as follows.
Standard tracking, to follow an upper-case "X", 0.34 deg wide × 0.6 deg high. Instructions were to "follow the target as closely as you can".
Target analysis, where the target was a lower-case letter in the same font, changing to a new letter every 0.5 sec. Separate randomizations were used for each trial, constrained to remove words formed by successive letters. Instructions were to "read the letters to yourself while following the target".
Listening, with the same pursuit target as for the tracking condition, but the same letter series as for target analysis in auditory presentation. Subjects were asked to "pay close attention to the letters on the tape while tracking".
Distraction, similar to listening but with a different high-frequency three-letter word embedded in the first, middle and last thirds of the trial. An example was given of a random letter sequence with a three-letter word embedded. Subjects were asked to find all occurrences of such words and repeat them to the experimenter at the end of the trial.
Experiment 1 running order
Two trials were run per condition, in the order: tracking, sinusoidal tracking, listening, target analysis, distraction, vertical tracking, vertical listening, vertical target analysis, sinusoidal tracking repeat, tracking repeat. The tracking condition was run at the beginning and end of the series as a baseline, paired with sinusoidal tracking (at the beginning and in reverse order at the end) to compare performance on the two trajectories. The order of tracking and sinusoidal tracking was counterbalanced across subjects; independently the order of listening and target analysis (along with vertical listening and vertical target analysis) was counterbalanced, for a total of four separate running orders with three subjects in each.
Experiment 2 running order
To obtain a more direct comparison of the three conditions of primary interest, Expt 2 was run, with constant and sinusoidal trajectories run in separate groups. Only one trial was run per condition, in the order: tracking, listening, target analysis, tracking, listening, target analysis, tracking in the first group and in the same order with sinusoidal trajectories in the second group. Again, the order of listening and target analysis was counterbalanced across subjects in each group.
Procedure
Each trial began and ended with a brief calibration trial. The 0.4 Hz tracking stimulus moved 30 deg horizontally or 22 deg vertically. Constant velocity trajectories moved 30deg/sec horizontally or vertically. A pause of 0.22 sec was included at each endpoint of the trajectory in the horizontal constant velocity conditions (illustrated in Fig. ! ) and, to preserve frequency and velocity, 0.50 sec in the vertical conditions.
For the auditory conditions, listening and distraction, three recordings of the two lists were made, with a new letter every 0.625 sec. These three recordings were varied across trials and subjects. All auditory stimuli were delivered over two speakers located behind the subject screen.
Data analysis'
Invalid portions of the response waveforms were removed first. These were quite rare in the horizontal conditions, comprising mostly some occasional crosstalk from blinks. Blink artifact was frequent in vertical waveforms. Hardcopy plots of stimulus trajectories and response waveforms were then produced with saccades indicated, as a validity check on our calibrations and saccade detection algorithm.
Overall smooth pursuit gain (pursuit velocity/target velocity) was computed separately for each smooth pursuit segment longer than 100msec, excluding saccades, invalid data excluded interactively, and times when the target was stationary. A time-weighted average of these quotients was determined for each half cycle, and these were averaged over the trial. A r.m.s, error measure was computed over all data except invalid data excluded interactively, expressed in degrees. The r.m.s, error indicates angular distance between point of gaze and target, so reflects both pursuit and saccades.
Saccades were classified by computer with respect to three mutually independent relationships to the target trajectory: saccade direction (toward or away from the target), starting position (on, behind or ahead of the target) and ending position (also on, behind or ahead of the target). Only 10 out of the 18 saccade types generated by this partition are physically realizable; the result has intuitive face-validity and lends itself to an objective, automated classification procedure. We will give primary consideration to the three most commonly observed saccade types: catch-up (toward target from behind, landing on target), anticipatory (away from target from on target to ahead of target) and overshoot (toward target from behind, landing ahead of target).
Parameters of each saccade were saved automatically for subsequent analysis. For task effects analysis, saccades and a measure of the average velocity of the pursuit segments 60msec immediately preceding and following each saccade were determined automatically for all subjects.
For pursuit-after-saccade projection analysis, saccades and constant velocity pursuit immediately preceding and following each identifiable saccade were marked interactively, beginning at the edge of the saccade and extending as far as the pursuit velocity held constant. This manual waveform selection procedure was employed to acquire longer and more valid constant velocity pursuit segments surrounding the saccades than afforded by our automatic procedure. These interactively determined saccades and pursuit segments were marked on horizontal constant velocity tracking and listening conditions on a subset of 12 subjects. Of the 12 subjects of Expt 1, four were selected for the present analysis as having the highest total saccade amplitude. Of the 10 subjects in Expt 2 who were run with a constant velocity trajectory, two were dropped from the interactive analysis for having noisy EOG waveforms.
RESULTS
Waveform observations
Figure I presents representative waveforms for a subject in Expt 2, for each condition in the order of running. Listening improves performance slightly, an effect that was enhanced in other subjects where listening followed target analysis rather than tracking (Van Gelder, Lebedev, & Tsui, 1990a) . Anticipatory saccades are not seen at all with target analysis, but appear to characterize the relative performance deficit in the tracking and listening conditions. Some other subjects mixed these with overshooting saccades: after an initial delay, a large saccade would extend well ahead of the target. For either anticipatory or overshooting saccades, the subsequent pursuit gain tends to be reduced to produce a trajectory where the direction of gaze will meet the target at approximately the end point of its excursion. Catch-up saccades are seen at the beginning of most half-cycles of pursuit, independent of condition. Figure 2 shows distributions of performance on the reference tracking condition separately for the 12 subjects in Expt 1 (horizontal and vertical) and the 10 subjects in each of the two groups in Expt 2. Wide differences in performance are seen across subjects; some made almost no saccades except for small catch-up saccades. The subject in Fig. 1 had median performance in Expt 2, constant velocity. The two groups of Expt 2 differ only in target trajectory, so they demonstrate directly an advantage for sinusoidal over constant velocity trajectory on this r.m.s. error measure [F(1,18)=7.8, P =0.01]. This group difference is seen also in the other measures of Fig. 3 : saccades/trial (F= 5.2, P = 0.03), saccade amplitude (F = 6.4, P = 0.02) and pursuit gain (F = 4.8, P = 0.04). Figure 3 shows performance in tracking, listening and target analysis conditions separately for horizontal and vertical target directions in Expt 1, and for constant and sinusoidal trajectories in Expt 2. The saccade measures of count/trial and mean amplitude are shown, as well as smooth pursuit gain and r.m.s, error.
Subject distributions and group effects
Task effects
In general, each measure appears to show improvement in performance with listening, and further improvement with target analysis. Over all three horizontal pursuit data groups, the effect of condition was highly significant, with P < 0.001 for each measure separately. There were no group by condition interactions, but there nearly was for r.m.s. [F(4,58)= 2.5, P = 0.053]. Difference contrasts showed target analysis better than listening on each measure: saccades/trial [F(3,29)= 13.4, P < 0.001], saccade amplitude (F = 9.4 P < 0.001) pursuit gain (F= 5.3, P =0.005) and r.m.s. (F=6.9, P = 0.001). Listening was better than tracking on saccade amplitude [F(3,29) =3.7, P =0.02] and r.m.s. (F = 3.8, P = 0.02), but not for saccades/trial or pursuit gain.
Vertical pursuit was analyzed separately, and showed an overall condition difference only for the saccade amplitude measure [F(2,22) = 11.7, P < .001]. Difference contrasts showed listening better than tracking [F(1,11) = 6.6, P = 0.03] and listening worse than target analysis (F = 6.9, P = 0.02) for this measure. Difference contrasts for other measures showed only listening worse than target analysis for r.m.s, error (F = 6.7, P = 0.03). Although the rather frequent blink artifact was removed from consideration in analysis, EOG at best provides a poor measure of vertical eye movement. Thus the vertical results should be considered only generally, as not inconsistent with the results of the horizontal conditions.
While statistical evidence of improvement in performance with a concurrent listening task was not seen for all measures, the trend is clearly toward improvement rather than degradation. The only reversals are in the vertical r.m.s, and in saccades/trial, which can actually increase with better performance (Puckett & Steinman, 1969) , particularly as saccade amplitude decreases (Van Gelder et al., 1990) , making saccade counts an unstable measure.
For sinusoidal velocity tracking in Expt I, difference contrasts (among tracking, sinusoidal tracking, listening and distraction conditions), showed sinusoidal tracking improved over tracking in saccades/trial [F(I, l l) = 21.8, P = 0.001], smooth pursuit gain (F = 5.5, P = 0.04) and r.m.s, error (F = 4.9, P = 0.049), but not for saccade amplitude (F = 0.24). Experiment 1 thus shows within subjects an advantage of the sinusoidal over the constant velocity trajectory similar to that seen across subjects in Expt 2.
The more demanding distraction condition of Expt 1 did not show the predicted worsening of performance. Performance in the distraction condition was better than in tracking for pursuit gain (F = 5.4, P = 0.04), and the same as in tracking for the other measures. Also, the same difference contrasts show listening better than distraction only in r.m.s, error (F = 7.4, P = 0.02), and the same as distraction for the other measures. Table 1 shows catch-up, anticipatory, overshooting and all other saccades separately for tracking, listening and target analysis, using all horizontal constant velocity data from both experiments for these conditions (data groups 1H and 2C of Fig. 3 ). Of the 10 saccade types of our saccade classification scheme, 71.1% of the 4580 saccades are in these three categories. There are fairly equal numbers of catch-up saccades in the three conditions, while anticipatory and overshooting saccades almost disappear with target analysis. Saccades in the "Other" category, which includes some variations on anticipatory and overshooting saccades, are also reduced by half with target analysis.
Task effects on types of saccades
The improvement in performance with the concurrent listening task was seen in Fig. 3 to come from a reduction in saccade amplitude and, in horizontal trajectories, reduced r.m.s, error, which may have derived from the saccade amplitudes. Table 1 shows this reduction in saccade amplitudes to come primarily from anticipatory and overshooting saccades, in that saccade amplitudes of anticipatory and overshooting saccades in the listening condition are less than in the tracking condition.
Classification results of hand-marked data
Of the 1817 saccades marked for the pursuit-aftersaccade analyses given below, 71.5% are in our three categories of primary consideration. As shown in Table 2 , pursuit gain before and after catch-up saccades is as we would expect: low gain before and high gain after the saccade, reflecting the prevalence of these saccades at the abrupt start of each half-cycle of pursuit• Pursuit gain surrounding anticipatory saccades shows the reverse, reflecting the tendency for lowered pursuit velocity after anticipatory saccades. Overshooting saccades tend to have low gain both before and after the saccade, reflecting their tendency to occur near the start of the pursuit half-cycle: a delayed start of pursuit will combine functions of a catch-up and anticipatory saccade in a large saccade extending well ahead of the target instead of landing on the target. Figure 1 provided illustrations of anticipatory saccades followed by pursuit whose velocity is reduced such that the point of gaze reaches the endpoint of the trajectory when the target does. In some instances the pursuit continued to that endpoint; in others the pursuit was interrupted by a subsequent saccade, often corrective. In both types of instances the initial pursuit after the anticipatory saccades seemed to have the same velocity characteristic, so both are treated the same here. Note that the pursuit velocity itself varies, being determined by the endpoint of the saccade. On these waveform plots ideal examples would show the pursuit after anticipatory saccade in each case as the initial segment of a straight line between the saccade endpoint and the trajectory endpoint. The trajectory endpoint is 30 deg from its starting point, so at the time the trajectory reaches its endpoint the initial pursuit-after-saccade vector of our ideal example would project to 30 deg. Distributions of actual pursuit vector projections are shown for each of the primary saccade types in Fig. 4 . Anticipatory saccades come closest to the mark, with a mean (and SD) of 28.9 (2.4) deg. Catch-up and overshooting saccades fall shorter of the mark, and with more variability, at 26.3 (3.9) and 27.5 (3.8) deg, respectively.
Post-saccade pursuit: projection to trajectory endpoint
A properly behaved catch-up saccade should acquire the target and follow it, so that the initial pursuit vector would project trivially to 30 deg. The counterintuitive lower mean and greater variability of the catch-up saccade pursuit vector distribution shown in Fig. 4 remained even when we removed the cascades of catchup saccades, each followed by low pursuit gain, that some subjects produced in the first cycle or two. All such data are included in Fig. 4 . For all hand-marked saccades. CUS, catch-up saccades; AS, anticipatory saccades; OSS, overshooting saccades. Mean and SD pursuit gain for the constant velocity pursuit segment immediately before and after the saccade are shown for the three principal saccade types.
Post-saccade pursuit: pursuit gain
One would imagine alternative courses for pursuit after an anticipatory saccade would be (a) to continue pursuit in parallel with the target, with unity gain; (b) to stop and wait for the target to catch up, with zero gain; or (c) some indeterminate slowing. Figure 4 suggests none of the above, but that pursuit gain would be a function of the time and position of the endpoint of the saccade. To specify the function, let ~ = distance between endpoints of the trajectory (in deg); T = half-cycle travel time (in sec); t~ = time of saccade end (in sec);
E(t) = eye position at time t (in deg); G (t)= pursuit gain at time t; Ve(t ) = eye velocity at time t (in deg/sec); V~(t ) = target (stimulus) velocity at time t (in deg/sec).
We use a common definition of pursuit gain, as v~(t)
G(t)-vs(t)"
A constant velocity trajectory is employed for the present data, so that I/s(t ) -Vs. 
If the vector of eye velocity points to the endpoint of the trajectory, then this velocity is f~ -E (t~) _ remaining distance
V~tt,) -
T -t~ remaining time
Gain of this pursuit vector then becomes f~-E(tl) G (tl) -V, x (T-tl)"
This hypothetical function of two variables is shown in Fig. 5 , in the form of two-dimensional slices of each variable at several levels of the other. The function corresponds to the distributions in Fig. 4 in that if all data points were tightly aligned with this gain-after-*We have also characterized these pursuit vectors from the time and angular position of the start of the saccade, adding the saccade's duration and amplitude to obtain its endpoint. We let t o = time of saccade start (in sec); ,4 = saccade amplitude (in deg); D = saccade duration (in sec) and note that
E(fi) = E(to) + A t~ = to + D.
Then f~-(E(to)+ A) G(tl) V, x (7" -(to+ 0))"
The formula is equivalent to the end-of-saccade function given above, but describes gain as a stochastic function of different parameters. To visualize this function we reduce its four variables (E(t0), A, D, to) to two by expressing duration as a function of amplitude and by assuming that the saccade begins on target, thereby determining E(to). This has the appeal of including main sequence parameters, producing a function of start time and amplitude, We obtain clear fits of pursuit vectors after anticipatory saccades to this function (Van Gelder, Lebedev & Tsui, 1992), as well as to the function in Figs 5 and 6.
saccade function, the corresponding distribution of pursuit vector projections would center narrowly on 30 deg. Rather than show the data in this space, we obtain a clearer view of the fit of data to the function by breaking out each slice individually, in Fig. 6 . All anticipatory saccades of Table 2 and Fig. 4 within the range of these slices are plotted both ways in Fig. 6 . We see that in general gain after anticipatory saccades is neither unity, with pursuit parallel to the target, nor zero, indicating a fixation. Rather, gain is almost always between these values. Further, there is a strong tendency for the data points to lie close to the gain-after-saccade function. In particular, data points near the bottom of the plots, where gain after saccade is near zero, tend to occur with end position near 30deg. Fixations after anticipatory saccades are thus a special case of the general function, where the saccade had reached the endpoint already. Similarly, data points near the top of the plots, where gain after saccade is near unity, tend to occur early in end time and end position, so that very little slowing is required for the target to catch up by the endpoint of the trajectory. Not shown are 20 of the 599 anticipatory saccades whose gain after saccade was negative.* Logical constraints on the data should be noted. A looser constraint is that anticipatory saccades tend not to begin until pursuit has begun, perhaps with a catch-up saccade, and some refractory period has elapsed. They end after another 50 msec or so of saccade duration. The earliest saccade endpoint was at 367 msec.
DISCUSSION
Anticipatory saccades were produced erroneously by some subjects with our target trajectories, degrading pursuit performance in the apparent effort to make it better. They can be differentiated from catch-up saccades in several converging respects, affording a suggestion as to their cause. Because they serve to move the eyes ahead of the target, pursuit following anticipatory saccades demonstrates predictive effects apart from the preservation of an instantaneous velocity match.
Task effects
Catch-up saccades were distributed evenly across task conditions, but anticipatory and overshooting saccades were virtually eliminated with target analysis. Our listening condition also produced some improvement, primarily by a reduction in amplitude of anticipatory and overshooting saccades. The improvement was not nearly as great as in the target analysis condition, but it was consistently in the direction of improvement over three subject groups, four response measures, sinusoidal as well as constant velocity target trajectory, and for vertical as well as horizontal pursuit.
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ZlflS~Ifld NI S~]OVDDVS A~IOIVdlDIINV listening to the random letter series. This divided attention condition entails a reduction of attentional effort in the smooth pursuit subtask, moving the pursuit process closer to its skilled automatic mode. Smooth pursuit outside the laboratory is similar to a target analysis task, where attentional effort is devoted to target analysis exclusively. In this case of real-world pursuit, investigation of the moving target is an integrated perceptual and visuomotor act, with the pursuit proceeding automatically and optimally. Consistent with this view, subjects report total lack of awareness of a performance difference between tracking and analysis conditions, in our laboratory and others (Holzman et al., 1976; Iacono & Lykken, 1979; Shagass et al., 1976) . Further, the improvement with target analysis occurs for all subjects (except for ceiling effects in the case of some excellent subjects) and persists over time, here and in earlier work (Van Gelder et al., 1990) . Any form of mild distraction ought to provide the same implicit requirement to remove attention from the act of tracking. Each of three types of alternative listening materials produced similar improvement in pilot work. Of course, when providing instructions to subjects, explicit is generally better than implicit. A colleague who wishes to study smooth pursuit when it is optimal obtains dramatic improvement in performance when necessary by asking subjects to "relax, don't try so hard" (R. Fendrich, personal communication, May 1988) . We may in fact bias subjects toward this attention shift by our instructions, which emphasize listening to the tape rather than pursuit accuracy. Whether by instruction or by task or both, our intent was to produce the attention shift, rather than a pure case of auditory/ visual interaction.
Effect of target trajectory
Pursuit of a constant target in a sinusoidal velocity trajectory was better than in a constant velocity trajectory, clearly across subjects in Expt 2 and on three of our four measures within subjects in Expt 1. Other studies have run both sinusoidal and constant velocity target trajectories, but with little heed to this comparison (Bahill & McDonald, 1983; Buizza & Schmid, 1986; Collewijn & Tamminga, 1984; Rashbass, 1961) . The comparison has been secondary to other concerns in those studies, but, as it presumably varies the effort to achieve accurate pursuit, it is of central concern here. Pursuit of a constant velocity target, with its abrupt stops and starts at the extremes of its trajectory, objectively is more difficult to follow accurately and subjectively seems more difficult. These are two separable considerations: a small catch-up saccade is made by most subjects at the start of each constant velocity target excursion, independent of task condition, reflecting the intrinsic difficulty of this trajectory. The task-dependent anticipatory and overshooting saccades, more prevalent in constant than in sinusoidal velocity trajectories, seem to be the subjective difficulty component, coming from a compensatory increase in effort to track accurately.
In the constant velocity trajectory, some subjects have a characteristic strategy of avoiding the initial catch-up saccades by rounding the corners of the response waveform with gradual decelerations and accelerations. This may be more common in trajectories that have no pause between sweeps across the screen (Boman & Hotson, 1992) .
Dual-mode pursuit and pursuit gain
Catch-up saccades are corrective, while anticipatory saccades are not. This, and seeing task differences with anticipatory but not with catch-up saccades, suggests that the corrective catch-up saccades are the saccadic component of dual-mode control in pursuit (Stark, 1971 (Stark, , 1983 , while the anticipatory saccades are a product of some task-specific attentional component. This was the obvious intent of the dual-mode notion, that saccades are produced as necessary to correct for less than perfect pursuit gain, so it is nice to see catch-up and anticipatory saccades differentiated by these particular task effects. The present data suggest, then, that the dual-mode notion is still viable, but restricted to data containing only catch-up (and undershooting) saccades and smooth pursuit.
These considerations highlight a reciprocal relationship between catch-up and anticipatory saccades, that catch-up saccades are caused by low pursuit gain, while anticipatory saccades cause low pursuit gain. The improvement in smooth pursuit gain seen with target analysis thus suggests a cautionary note in the interpretation of pursuit gain results: slowed pursuit after anticipatory saccades will artificially reduce it.
Predictive pursuit
In dual-mode pursuit as classically conceived with catch-up but no anticipatory or overshooting saccades, the corrective catch-up saccades would land on target, followed by pursuit that remains on target and matches instantaneous target velocity. Thus the enhanced gain seen in pursuit of a predictable trajectory has been thought to come from some acquired match of this velocity (Becker & Fuchs, 1985; Mitrani & Dimitrov, 1978) . This acquired velocity is seen by interrupting the target and noting the gradual decay of the response velocity. In the extreme, brief pulses of moving target are shown to illustrate both acquisition and decay of this velocity (Barnes & Asselman, 1992) . When the pulses are placed at trajectory midpoints, the required trajectory reversals without an explicit target have been taken to indicate an estimate of periodicity of the trajectory (Barnes & Asselman, 1991; Barnes, Donnelly, & Eason, 1987) . When a continuous trajectory is interrupted, the response continues through what would have been the reversal of its trajectory, tracing the learned model of the trajectory (Eckmiller & Mackeben, 1978; Hughes & Fendrich, 1992; Whittaker & Eaholtz, 1982) .
So the predictive acquisition of both the target velocity and its trajectory are seen in the subject's attempt to continue the trajectory of an interrupted target. In the present study anticipatory saccades provide a naturalistic experiment to show the subject continuing pursuit but after moving his eyes off target. With a choice between parallel pursuit to continue the velocity match or fixation to allow the target to catch up to the point of gaze, the mechanism of velocity computation often does neither. It determines a velocity consistent with overall periodicity and amplitude of the trajectory, but irrelevant to instantaneous target velocity or position. Further, the saccade-to-pursuit transition seems as abrupt as for catch-up saccades, suggesting that this new pursuit velocity is precomputed in the same manner as for catch-up saccades that acquire the target. Off-target pursuit after anticipatory saccades thus provides evidence that instantaneous velocity match of the target and overall match of trajectory parameters are separable components of predictive pursuit.
Generality ~f results
Clearly, the pervasiveness of anticipatory and overshooting saccades in our data should not be expected in all pursuit data. First, the performance improvement in sinusoidal over constant velocity trajectories suggests to us that perceived difficulty in a pursuit task may increase the incidence of anticipatory and overshooting saccades. Very few anticipatory saccades were reported among normal controls in one study using the same sinusoidal trajectory as ours (Clementz et al., 1990) . Second, our 30deg/sec target trajectory has a higher velocity than most. It is presumably more difficult to follow, which may produce anticipatory saccades. We find that as target velocity is increased, good subjects tend to have a velocity threshold where anticipatory saccades are first seen, increasing thereafter, while poor subjects tend to show anticipatory saccades independent of target velocity (Van Gelder, Lebedev, Liu, & Tsui, 1993) . A recent report dealing explicitly with saccade types used a 5 deg/sec target velocity and did not report anticipatory saccades (Friedman, Jesberger, & Meltzer, 1991) , although another with the same velocity did (Kaufman & Abel, 1986) . There also seemed to be a greater tendency for fixations than slowed pursuit after anticipatory saccades in that study, presumably owing to the 6 sec duration of each target sweep. Third, a periodic trajectory, which differentiated those two studies, may encourage anticipatory saccades. Thus anticipatory saccades themselves, and not just the smooth pursuit segment immediately following them, may be associated with predictivity in pursuit. Finally, anticipatory saccades diminish with practice, consistent with implications of effortful pursuit, so experienced subjects should not be a good source of anticipatory saccades.
CONCLUSIONS
Our finding that pursuit improves with the mild distraction imposed by a concurrent listening task suggests that the further improvement in pursuit during target analysis comes from further diversion of explicit task focus from the oculomotor act, diverting attentionai effort from the literally misguided attempt to make accurate smooth pursuit. In this new light, target analysis is not an attention enhancement condition but an attention diversion condition.
This notion implies that the anticipatory and overshooting saccades seen with our trajectories in the original tracking condition are produced in the effortful attempt to produce smooth pursuit, since target analysis removes anticipatory and overshooting saccades from the response waveform. They are produced erroneously and generally without awareness in the artificial effort to produce purposive smooth pursuit. Lacking brain mechanisms for producing purposive smooth pursuit, some subjects involuntarily recruit mechanisms more typically employed to produce purposive saccades, to produce here intrusive anticipatory and overshooting saccades.
With respect to pursuit velocity after anticipatory saccades, it seems from the present data that some internally maintained model of amplitude and periodicity of the overall target trajectory provides a predictive component of pursuit velocity, separable from the acquired velocity match. Real-world trajectories are in general different from this and from each other, so the set of trajectory attributes must surely be larger than this. In pursuit outside of the laboratory, without the anticipatory and overshooting saccades generated in the attempt to produce purposive pursuit, accurate target foveation and velocity matching could follow from this internal model.
